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Abstract 
In this experimental investigation; domestic type of a 304 stainless steel chromium flat plate solar water collector that can be 
directly connected to the  pressurized city water line system, not to give any negative effects on chemical compositions of the 
water, has hot water tank inside collector, keep hot water temperature with PCM placed inside the collector during night, not to 
be needed any maintenance during lifetime and have less price, more lifetime, high thermal efficiency, easier assembling and 
manufacturing when compared with aluminum and copper type collectors was designed, constructed and tested for the thermal 
efficiency according to EN (European Union Norms) 12975-2 (Anon., 2003). This collector was tested in the summer conditions 
(in July, in Adiyaman, Turkey). The collector was  tested while fluid (water) stored inside collector during the daytime and 
nighttime for two days and  while fluid  flows   as 0,02 kg/s.m2 for 5 hours (10:00 to 15:00) for two different days (periods). 
Some solar thermal energy was stored for short term period (from day to night) using paraffin (melting temperature point: 55°C, 
melting latent heat: 50 kcal/kg and density: 900 kg/m3) as a phase change material (PCM). Each test was replicated two times. As 
a result, thermal efficiency of the collector was defined as 12.5% and 62.0% while fluid stored and flows, respectively. 
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1. Introduction 
Water is used in households predominantly for drinking, cooking and hygiene purposes such as bathing and the 
washing of dishes. Each person in a household requires at least 20 L of potable water per day, half of which is for 
personal hygiene. Water is also needed to be heated to meet hot water necessity for cooking and hygiene. The use of 
hot water during the day is approximately the same in the morning as it is in the evening, but less during the 
afternoon in households (Nieuwoudt and Mathews, 2005). 
 
Different heat sources are employed for heating water. However, in most developing countries, supplies of non-
renewable sources of energy are either unavailable, unreliable or too expensive. In renewable energy sources, solar 
energy is the most appropriate for heating water. This energy allows independent systems to be constructed and 
possesses a thermal conversion mode which necessitates a simple technology (Koyuncu, 2006). 
 
Solar energy received on the ground is abundant and inexhaustible. In addition to its inexhaustible nature, solar 
energy has the advantage of being a source of nonpolluting energy. This energy could be harnessed in several ways. 
The most promising energy forms are solar collectors with thermal conversion, which can be used to heat water for 
domestic and industrial applications. These applications are developing most rapidly and are the basis of small but 
growing industry (Hazami et al., 2005). 
 
Collectors are the heart of the solar processes. In solar collector, energy transfer from a distant source of radiant 
energy to a fluid or store as latent heat energy by using PCM (Eames and Griffiths, 2006; Hussein et al., 2008; 
Mazman et al., 2008; Saman et al., 2005; Sharma et al., 2007; Shukla et al., 2009; Talmatsky and Kribus,  
2008). The flux of incident radiation is, at best, approximately 1100 W/m2 (without optical concentration), and it is 
variable. The wavelength range is from 0.3 to 3 ȝm, which is considerably shorter than that of the emitted radiation 
from most energy absorbing surfaces. Thus, the analysis of solar collectors presents unique problems of low and 
variable energy fluxes and the relatively large importance of radiation. Flat plate collectors can be designed for 
applications requiring energy delivery at moderate temperatures, up to perhaps 100 °C above ambient temperature. 
They use both beam and diffuse solar radiation, do not require tracking of the sun, and require little maintenance. 
The major applications of these units are in solar water heating, building heating, air conditioning, and industrial 
process heat (Enibe, 2003; Kürklü et al., 2002). The importance of flat plate collectors in thermal processes is such 
that their thermal performance is treated in considerable detail. This is done to develop an understanding of how the 
component functions (Duffie and Beckman, 1991; Smyth et al., 2006). 
 
Many types of conventional solar collectors with metal absorber plates and glass covers are widely used to 
transforms solar energy into heat for heating water for domestic applications and industrial processes in Turkey and 
world (Koyuncu and Ultanir, 1997; Nahar, 2003). These collectors have high efficiency and they are approximately, 
2.0, 3.5, 4.0, 6.0, 7.0 and 12.0 times more profitable when compared with other energy sources such as wood, coal, 
natural gas, oil, LPG and electricity, respectively for heating water for domestic applications in Turkey (Koyuncu 
and Ultanir, 1997). Most common flat plate solar collectors are manufactured from copper and aluminum material 
because of their high thermal conductivity. However, aluminum and copper materials are exposed to more corrosion 
because of the extreme heat and mix to usage water. This situation gives damage to the color, taste, odor and 
chemical composition of the water, so this water can not be used for cooking. In order to eliminate this, natural 
circulation closed thermosyphon systems are generally preferred (Enibe, 2003). In these systems, the mixture of 
water and antifreeze (glikol) (60% water and 40% glikol) heated by the cooper or aluminum collector transfers heat 
to usage water in a simple chromium structured type heat exchanger (horizontal or vertical type) that has a share of 
50-60%  total system cost. Thus, the heated water can be used for cooking, bathing, washing clothes and dishes and 
for personnel hygiene. But, because of the big losses during heat transfer, thermal efficiencies of exchangers (29% 
for vertical type and 33% for horizontal type) and collector systems (collector and heat exchanger together) (18%-
22%) importantly decrease. In addition, it is needed to raise the bottom edge of the hot water tank up to top edge of 
the collector panel for working of natural circulation closed thermosyphon systems. This situation causes security 
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risk, sight pollution and negatively affected residences esthetics because of the hot water tank and heat exchanger 
located on the roof. Besides, during the night the temperature of the hot water quickly decreasing (Hussein et al., 
2008). All situations explained above are also main negative factors that effect to spread of solar collectors in the 
world. Therefore, in this experimental investigation; domestic type of a 304 stainless steel chromium flat plate solar 
water collector that can be directly connected to the  pressurized city water line system, not to give any negative 
effects on chemical compositions of the water, has hot water tank inside collector, keep hot water temperature with 
PCM placed inside the collector during night, not to be needed any maintenance during lifetime and  have less price, 
more lifetime, high thermal efficiency, easier assembling and manufacturing when compared with aluminum and 
copper type collectors was designed, constructed and tested for the thermal efficiency. 
2. Solar Collector and Experimental Setup  
The solar collector made up of some components as listed below (Fig. 1). 
1. Construction materials: All pipes completely made up of 304 stainless steel chromium material with thickness 
of 1.5 mm. 
2. Absorber surface: Black painted 304 stainless steel chromium pipe surfaces.  
3. Cover: A transparent cover of one layer of glass material that transmits visible and near infrared radiation 
(3Pm) and absorbs far infrared radiation (!3Pm) (Riffat et al., 2000). The cover is in normal flat glass with a 
thickness of 6 mm.  
4. Radiation reflector material: Bright aluminum sheet. It was located between insulation and absorber surface.  
5. Gap: 50 mm gap maintained between the cover and black painted pipe surfaces.  
6. Frame and insulator: The frame constructed from 304 stainless steel profiles and sheets for casing these 
components, with rockwool insulating material on the back and on the sides to minimize heat loses. The 
insulator is in rockwool of 100 mm thickness. The thermal conductivity coefficient of the insulator is equal to 
0.04 W/(m.K). 
7.  Phase change material (PCM): Paraffin, melting temperature point is 55°C, melting latent heat is 50 kcal/kg and 
density is 900 kg/m3. 11 pipes with diameter of 50 mm were 80% filled (because of the paraffin melting 
expansion) with PCM. Each pipe has 5.89 kg PCM and total is 29.45 kg PCM for the collector (Fig. 1 and 2).  
 
The collector was tested while fluid (water) stored inside collector during the daytime and nighttime for two days 
and while fluid flows as 0.02 kg/s.m2 for 5 hours (10:00 to 15:00) for two different days (periods). Solar thermal 
energy was stored for short term period (from day to night) using paraffin as a phase change material (PCM). Each 
test was replicated two times. In first step, the collector was filled with water and the temperature of the stored water 
and, surface of the black painted pipe were measured during the day (Fig. 2.); in second step while fluid flows as 
0.02kg/s.m2 all needed data were measured to calculate the thermal efficiency.  
 
All tests were conducted according to EN (European Norms) 12975-2 (Anon., 2003). Solar water collectors were 
mounted on a stand facing south at an inclination angle of 45°. The experimented collector mainly equipped with an 
fluid inlet flow adjuster (sensible water ball valve), fluid thermometer, infrared thermometer, pyranometer, 
datalogger, anemometer, temperature indicators, mass flow measurement container, a PC and specially designed 
data processing software (Fig. 3). The experimental setup was instrumented for the measurement of solar radiation, 
temperature of the atmosphere air, outlet and inlet fluid temperature, absorber surface temperature, fluid mass low 
and wind velocity. These various thermal efficiency parameters were measured and recorded at an interval of 
10…30 min. 
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Fig. 1. Technical parameters of  the collector (all 
measurements are in mm) 
Fig. 2. Fluid and surface temperature measurement points. 
 
 
Fig. 3. Schematic presentation of solar collectors experimentation 
The experiments took place at Adiyaman (Southeast of Turkey) in the central Firat (Euphrates) river region: 
Latitude= 37,45°, Longitude= 38,17° and Altitude= 672 m and collector system was tested in the summer conditions 
(in July). The collector was tested four days. Each test was replicated two times. Fluid inlet temperatures were 
changed between 19°C…21°C while the ambient air temperature changed between 22°C…42°C, during 
experiments. The fluid mass flow rate through the collector was kept constant at 0.02 kg/(s.m2) by manipulating the 
flow path (by adjustable circular valve) of the fluid throughout the experimentation. 
 
3. Theoretical Analysis 
The collectors operate under quasi steady-state conditions (Fig. 4). In these conditions, the performance of a 
solar collector is described by an energy balance that indicates the distribution of incident solar energy into useful 
energy gain, thermal losses, and optical losses (Fig. 5 and 6), (Anon., 2003; Duffie and Beckman, 1991; Koyuncu 
and Ultanir, 1997; Riffat et al., 2000). 
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The useful heat gain by a collector can be expressed as  
ulosscRs qqAIq             (1) 
losscRlosssu qAIqqq            (2) 
belosstlossoptlossloss qqqq ,,,           (3) 
belosstlossoptlosscRu qqqAIq ,,,          (4) 
 pccRoptlosscRc AIqAISA DW  ,         (5) 
belosstlosscu qqSAq ,,           (6) 
  belosstlosspccRu qqAIq ,,  DW         (7) 
 ifoffpu TTcmq ,,,            (8) 
 
Fig. 4. Description of the flat plate solar water collector (main 
parts and general heat transfer exchanges) 
 
 
 
Fig. 5. Equivalent thermal network for flat plate solar water 
collector 
 
 
                   (a)                                    (b)  
Fig. 6. Thermal network for  the flat plate solar water 
collector in terms of conduction, convection and radiation (a), 
and in terms of resistances between plates (b)  
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A measure of collector performance is the collector efficiency, defined as the ratio of useful heat gain over 
any time period to the incident solar radiation over the same period we can, thus, define efficiency as, 
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From Equations (1, 8, 9 and 10), 
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In addition, it is convenient to define a quantity that relates the actual useful energy gain of a collector to the useful 
gain if the whole collector surface were at the fluid inlet temperature. This is quantity is colled the collector heat 
removal factor RF . The actual useful energy gain and the collector heat removal factor can be expressed as  
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LU  is the collector overall heat loss coefficient. The thermal energy lost from the collector to the surroundings 
by conduction, convection and infrared radiation. LU  is equal to the sum of energy loss through the top  tU , 
bottom  bU  and edge  eU  of the collectors given below (Fig. 5 and 6) (Koyuncu and Ultanir, 1997): 
betebtL UUUUUU           (17) 
The energy loss through the top is the result of convection and radiation between parallel plates. The top loss 
coefficient from the collector plate to the ambient is 
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Besides, wh , bU  and eU  must be obtained from the equations as follows (Bagach et al., 2000): 
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In order to find cprcpc
hh  ,, , and acrh ,  for these solar water collectors, a series of equations seen below must be 
used (Koyuncu and UltanÕr, 1997). 
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An other equation to find tU  was developed by Klein. tU  was also calculated by using this equation (44). It 
was seen that it gives the same results with very small and negligible differences (Duffie and Beckman, 1991). 
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3. Results and Observations 
Domestic type of a 304 stainless steel chromium type collector with black painted pipe absorber surface and 
normal flat glass cover described in the previous sections was tested under the outdoor conditions in the summer of 
2010 in Adiyaman, Turkey. Data such as fluid temperature at bottom (Tf,b), fluid temperature at top (Tf,t), black 
painted fluid pipe surface temperature (Ts), fluid inlet temperature (Tf,i), fluid outlet temperature (Tf,o), fluid inlet 
and outlet temperature differences (ǻT), mean temperature of  the fluid (Tm) ambient temperature (Ta), collector 
thermal efficiency (Ș) and incident solar radiation (IR) regarding the collector were given in Figure 7, 8, 9, 10, 11 
and 12. As seen from these figures that all temperatures increase as a function of the incident solar radiation during 
the daytime and decrease during the nighttime because of the non solar radiation and heat transfer from the collector 
to the ambient air. The thermal efficiency of the collector was seen 13% and 12% while water stored inside for first 
and second day, respectively. The average thermal efficiency was  calculated as 12.5%.   
 
Fig. 7. Data regarding the collector experiment while water 
stored inside, Day 1, Test 1. 
.
Fig. 8. The results of  collector experiment while water 
stored, Day 1, Test1 
 
 
Fig. 9. Data regarding the collector experiment while water 
stored inside, Day 2, Test 2. 
 
Fig. 10. The results of  collector experiment while water 
stored, Day 2, Test 2. 
 
The thermal efficiency of the collector was obtained as 65% and 59% for first and second test period, 
respectively, while fluid flows as 0.02 kg/s.m2 according to EN (European Union Norms) 12975-2 (Anon., 2003). 
The average thermal efficiency was found as 62.0%. 
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Fig. 11. The results of  collector experiment while water 
flows, Day 1, Test 1. 
Fig.12. The results of  collector experiment while water flows, 
Day 2, Test 2. 
 
4. Conclusions
The main conclusion of this experimental investigation is that domestic type of a 304 stainless steel chromium 
collector that can be directly connected to the  pressurized city water line system has many advantages when 
compared with copper and aluminum collector and has high thermal efficiency while used a pressurized circulation 
open system type (fluid flows) and not appropriate for storing hot water inside the collector during the daytime and 
nighttime. Extra well insulated hot water tank must be used for storing hot water to increase the thermal efficiency. 
As a result, it can be recommended that to increase thermal efficiency of the solar collector and kept the hot water 
quality, this domestic type of 304 stainless steel chromium pressurized circulation open system collector sholud be 
used. For storing hot water during the nighttime, well insulated chromium extra hot water is needed. 
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Nomenclature 
cA  : Collector area, m2 
ecA ,  : Collector edge surface area, m2 
fpc ,  : Fluid specific heat at constant pressure, 
J/(kg.K) 
SDF ,  : Collector dust and shading factor 
RF  : Collector heat removal factor 
g  : Gravitational acceleration, m/s2 
acch ,  : Convection heat transfer coefficient 
between cover and ambient air, W/(m2.K) 
abech ,  :Convection heat transfer coefficient between 
bottom-edge and ambient air, W/(m2.K) 
cpch ,  : Convection heat transfer coefficient 
between plate and cover, W/(m2.K) 
aberh ,  : Radiation heat transfer coefficient between 
bottom-edge and ambient air, W/(m2.K) 
optR      : Optical resistance, (m2.K)/W 
tR        : Top resistance, (m2.K)/W 
4,3,2,1 RRRR  : Resistances, (m2.K)/W 
S  : Absorbed solar radiation, W/m2 
aT  : Ambient air temperature, K 
beT  : Bottom-edge surface temperature, K 
cT  : Cover temperature, K 
ifT ,  : Fluid inlet temperature, K 
1, bfT  : Fluid temperature at point b-1, K 
2, bfT  : Fluid temperature at point b-2, K 
1, tfT  : Fluid temperature at point t-1, K 
2, tfT  : Fluid temperature at point t-2, K 
10...1  ssT : Black painted pipe surface temperature at 
point s-1…s-10, K 
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acrh ,  : Radiation heat transfer coefficient between 
cover and ambient air, W/(m2.K) 
cprh ,  : Radiation heat transfer coefficient between 
plate and cover, W/(m2.K) 
wh  : Wind heat transfer coefficient, W/(m2.K) 
RI  : Incident solar radiation, W/m2 
cpak ,  : Air thermal conductivity between plate and 
cover, W/(m.K) 
ibek ,  : Bottom-edge insulation thermal 
conductivity, W/(m.K) 
ibeL ,  : Bottom-edge insulation thickness, m 
cpaL ,  : Air length between plate and cover, m 
m  : Fluid mass flow rate, kg/s 
n  : Number of cover 
uN  : Nusselt Number 
rP  : Prandtl number 
lossq  : Thermal energy losses, W 
belossq ,  : Thermal energy losses through the bottom-
edge, W 
optlossq ,  : Optical energy losses, W 
tlossq ,  : Thermal energy losses through the top, W 
sq  : Incident solar power, W 
uq  : Useful thermal power gain, W 
aR  : Rayleigh number 
beR       : Bottom-edge resistance, (m2.K)/W 
 
ofT ,  : Fluid outlet temperature, K 
pT  : Plate surface temperature, K 
mT  : Mean temperature, K 
beU  : Bottom-edge heat loss coefficient, 
W/(m2.K) 
LU  : Collector overall heat loss coefficient, 
W/(m2.K) 
tU  : Top heat loss coefficient, W/(m2.K) 
X  : Wind speed, m/s 
Greek
cpa ,O   :  Thermal diffusivity of air between plate 
and cover  
pD       :  Plate absorptance coefficient  
cpa ,E  : Volumetric expansion coefficient of air 
between plate and cover  (for an ideal 
gas E = 1/Tm) 
cpT '   : Temperature differences between plate and 
cover, K 
cH        : Cover emittance  
pH       : Plate emittance 
K         : Collector thermal efficiency   
cpa ,Q  : Kinematic viscosity of air between plate 
and cover, m2/s 
V         : Stefan-Boltzmann constant (5.67x10-8), 
W/(m2.K4)  
cW         : Cover transmittance 
 pcDW : Transmittance-absorptance product 
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